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ABSTRACT 2 6/004

Using & low energy electron detector on the low altitude,
high latitude satellite Injun III, large diurnal and latitude
effects have been cbserved for 10 keV electrons. It is found
that intense fluxes of low energy electrons,
3 (B, > 10 kev) > 2.5 x 107 electrans (cu® ster sec)™,
occur only during local night between 1700 hours and 0700 hours
{wagnetic local time) and that they occur only between 58° and
T76° invaerient latitude. These intense fluxes of low energy
electrons occur predominantly during periods of high geana@etic
activity. It is also found that a large change in the slope of
the electron epergy spectrum is assoclated with the trapping
boundary for 40 keV electrons found at high latitudes during
local night., This change is from a relatively hard spectrum
inside the boundary to a very soft spectrum just outside the
boundary. The intense fluxes of very soft electrons found
beyand the 4O keV trepping boundary at low altitudes are
thought to be related tc; the intense fluxes of low energy

electrons found by Gringauz and by Freeman at great distances

on the night side of the earth. /¢j«/x‘)




INTRODUCTION

The existence of intense fluxes of low energy
(Ee < L0 keV) electrons in and near the cuter Van Allen
trapping region has been established by a number of experi-
menters., The first direct cbservation of these electrons was
mede by balloon-lamiched rockets in 1952 by Van Allen /1957
and the Jowa group. Muller studles of electrons within visible
auroras with rockets were made by Meredith et al. /19587,
McIlwain /19607, and McDlamid et al. /I961 and 1964a/.
Krasovskii et al. /[1968/, 0'Brien and Iaughlin [1962/,
Gringauz et al. /19637, Sharp et al. /1964 a and b/, and
Freeman 1964/ have reported measurements made on such
electrons with satellite-barne experiments. The measurements
of Krasovskii et al. [I968/, O'Brien and Iaughlin /19637,
and Sharp et el. /1964 a and B/ were made at low altitudes on
near polar orbiting satellites. Their reported maximm
epergy fluxes of 360 ergs (cxn2 sec ster)"l (with 'E'e = 10 keV);
LOO ergs (cm2 sec ster)'l (E, > 1 keV); and 100 ergs
(cm2 sec ster)'l (E, > 2 keV), respectively, are in good
agreement with cne enother. Freeman /196%/, using
Explarer 12 deta, reported the existence of a large flux of
soft electrons on the night side pear the geamagnetic

equator outside the trapping boundary for 40 keV electrons




in the outer Van Allen belt. These fluxes were of the order
~of ~ 107 electrons («':xn2 sec ster)'l for an assumed averege
electron energy of 10 keV. These results are in general
agreement with those of Gringauz et al. 1962/ who found &
similar region of low energy electrons on a single traversal
of this region with the Iumnik 2 space probe.

It is the purpose of this paper to report the results
obtained with & low energy electron (E, 2 10 keV) detector
flown on the low-altitude, high latitude satellite, Injun 3.
The ONR/U. of Iowa satellite Injun 3 was launched on
December 13, 1962 into an orbit with initial apogee altitude
2765 km, perigee altitude 237 km, orbital inclination TO.4°,

and period 116 min /O'Brien, Iaughlin, and Curnett, 196%/.




DESCRIPTIGN OF THE ELECTRON MULTIPLIER

The Electron Multiplier was constructed end calibrated
by D. E. stilwell. The details of this work are unpublished but
are documented in State University.of Iows Research Report
63-28 [Stilwell, 1963/. The Electron Multiplier consisted of
e miltiplier structure similar to that of a conventional photo~
multiplier. Incident particles, striking the sensitive area of
the first dynode directly produced electroms by a secondary
emission process., These secondaries were drawn om to
successive dynodes by en accelerating potential, thus providing
current multiplication., The resulting anode current was
proportional to the incident particle mumber flux and this
current was fed to a simple neon~glow tube relaxation oscillator
vhose output fregquency was a function of the current drewn from
the circuit input. In this manner an anslog to digital can-
version of the anode current was accamplished [Stilwell, i96§7 .

The Electron Multiplier oan Injun 3 was a 19 stage
Venetian blind structure modified from an Ascop 541 series
photamultiplier tube. The dynode materiel was Ag (MgO) with
2500 volts applied to the dynode voltage divider resistors.

The minimal design gain of the tube was tobe~5x106at

this applied voltage /Stilwell, 1963/, Stilwell, upan




calibrating the detector, found the galn to be 2.5 x 10° and
he attributed this difference to an sbsorbed monolayer of
atmospheric gases an the dynode surfaces. The aperture of the
Electron Multiplier was covered by a thin (86 u g/ mn2) nickel
foil vhich served two purposes. First, the presence of the
foil minimized false signals due to ultra-violet and visible
redlation fram the sun, Second, itwas deemed desirable to
make the energy threshold of the Electrom Multiplier ldentical
to that of another detector, the D. C. Scintillator, for which
the foll was necessary in order to protect it fram damage due
to sunlight., The absolute calibrations of this companion
detectar later proved to be untrustworthy in flight. The
foll imposed a threshold on the multiplier of appraximately
10 keV far electrons. Stilwell [I963/ has given & response
function for the Electrom Multiplier based on the preflight
calibrations he perfarmed (upper curve in Figure 3)., In his
post-launch calibration checks, he was eble to determine that
the foil had survived the first six months of satellite
operation and he stated that the gain had remasined constant
to within ~ 10% over this same period. These checks were made
by noting the detectar response to sunlight. As for the poste

iaunch check oa the sbsclute gein of the multiplier, Stilwell




was able to say that no reason had arisen to doubt the preflight
calibration of this paresmeter.

Ca Injun 3, which was magnetically oriented, detector
orientations were referenced by the angle 9 between the axis
of the detector and the satellite's megnetic axis. When the
satellite was properly aligned, the 8 = 0° axis was perallel
to the geamagnetic B-vector and was directed down into the
atmosphere in the Northern Hemisphere. The Electron Multiplier
was in the 6 = 130° position and measured particles which had
a pitcheangle (the angle the particle's velocity vector makes
with the geamegnetic B-vector) of 50° + 10° when the satellite
was properly ariented @'m-iez;, Iaughlin, and Gurnett, 196%/.
The orientation of the satellite was measured with two
Schonstedt flux gate magnetometers mounted with their axes

parallel to € = 90° and 6 = 130°, respectively.




INFLIGHT CALIERATION OF THE
ELECTRON MULTIPLIER

The purpose of this subsidiary investigation was twafald:
(1) It vas desired to establish the absolute semsitivity of the
Electron Multiplier using data recorded while the satellite was
in flight and once this sensitivity had been found, (2) it was
deslred to see if the gain of the Electron Multiplier had re-
mained appraximately constant throughout the life of the
satellite.

Since no other detectar abroad Injun 3 was sensitive to
low energy electrons (Ee € 40 keV), it was necessary to make
same assumption regarding the electron energy spectrum between
10 keV and 4O keV. For this reasom, the calibration points
vere taken 1n a rogion of the inner zone because the electron
fluxes there are relatively stable and their energy spectrum
is relatively hard compared to that of the ocuter zone electrams
[O'Brien, 1963/.

Since the Electran Multiplier can respond to particles
through a secondary emission process or photoms through a
photo-electric process, it was first necessary to investigate
whetber the multiplier was responding to particles or to
light or x-rays while in the inner zone. Since the satellite




was equipped with an optical aspect sensor which "looked” in

the same direction as the multiplier, all data taken when the

sun was in the multiplier's viewing cone could be eliminated.
Frank /1962/ and Laughlin /I960/ have investigated the

counting rate of Geiger tubes due to x-rays produced by particle

bombardment of the satellite shell. Frank, using a 302-type

Geiger tube, has shown that the maximum possible variation in

the counting rate due to the extremes in particle angular dis-

tributions bombarding a spherical Injun 3-type shell was less

than a factor of two. The actual angular distribution of

particles seen by Injun 3 would make this variation even

smaller. Since the particle flux in the inner zone is known to

be peaked at a pitch angle of 90°, it is argued that if the

counting rate of the Electron Multiplier exhibited a definite

angular distribution peaked at a pitch angle of 90°, then it

was indeed responding to particles. This argument was strengthened

by observing the response of the heavily shielded SpB detector on

Injun 3, which was primarily due to bremsstrahlung and to

penetrating protons. This response varied monotonically and

was independent of the satellite's orientation. Four such dis-

tributions are shown in Figure 1, where a comparison can be made

between the Electron Multiplier response and the SpB response.

Figure 1 demonstrates that the Electron Multiplier was responding

to particles in the irner zone and not to x-rays.




In order to calibrate the Electron Multiplier's response
to these particles, a simple spectral form was chosen and &
proper f£it was made using the rates of the various detectors on
the satellite. In the literature the two popular spectral
forms ere the expovential (dN = N, e'E/ Ey GE) end the power lew
(v = k&7 aE). Although only & rough approximation, the
exponential spectral form has been shown to give a fairly good
spectral fit for portions of the electron emergy spectrum in
certain regions of the inmer zome /West, Bloom, and Mann, 196k;
Pizzella et al., 196k/. On Injun 3 in the 6 = 130° positiom,
there were no detectors fram which spectral information could
be obtained,

In the 6 = G0° position, there were four detectors which
could be used to determine the electron emergy spectrum /0'Brien,
Iaughlin, and Gurnett, 1964/. Detector 1 was a thin windowed
directional 213-type Geiger tube with an anguler field of
view of sbout 26° diameter end a window thickness of
1.2 mg cm™> of mica. It had an energy threshold for electrons
of approximately 40 keV. Detector 3 was similar to detector 1

but hed en additional window thickness of 45 mg cm <

of
aluninun, which gave this detector an energy threshald of

approximately 250 keV for electraons. The other two detectors




were the SpL and SpH channels of the magnetic differential
electron spectrameter. These detectors were also 2i3-type
Geiger tubes which were encased in a lead cylinder 3.5 g cm"2
thick. Two magnets bent electroms into SplL and SpH with
energyEe such that 40 keV f Ee f 55 keV for SpL and

80 kev f Ee ﬁ 100 keV for SpH. A third 213-type Geiger
tube (SpB) encased in the lead cylinder measured the amni-
directional intensity of penetrating particles and brems-
strahlung and thereby permitted a background correction to be
made to the above four detectars.

Because of the large fluxes present in the inner zone
where these calibrations were made, detectar 1 was operating far
into the non-linear region of its epparent rate versus true rate
curve. Due to uncertainties in this curve /O'Brien, ILaughlin,
and Gurnett, 196L7, it was decided not to rely on detectar 1
in any manner for this calibratiom.

Early in the life of Injun 3, while the satellite was
tumbling, detectors in the § = 90° position and the Electroa
Multiplier (6 = 130°) measured particles with various pitch
angles, At certain times the pitch angle of the particles
measured by the detectors at 6 = 90° was identical to the pitch

angle of particles measured by the Electron Multiplier.




At these times, using the responses of SplL and detectar 3
carrected for background, a two paremeter exponentisl type
spectrum (dN = N e‘E/ E, dE) was fitted for the energy range
between 40 keV and 250 keV. As a further refinement, the
velidity of this fit was checked by camparing the actual
response of the SpH channel with that predicted by the
spectrum, A spectral fit was used as a calibration check only
if the predicted and measured response of SpH agreed to within
+ b0%. (75% of the calibretiom points actually egreed to
better than + 15%.) Table I is a list of the calibratiom
points used in this investigation. Figure 2 is a graph of
the results of the inflight calibration of the multiplier and
these results can be campared with the preflight calibrations
mede by Stilwell /1963/. The preflight celibrations were per-
formed up to en electron epergy of approximately 90 keV. The
response of the detector for energles above 90 keV was unknown
but eccording to Bruining /195L/ the response function wes
probably constant to a first epproximation for E e > 90 keV
up to at least 300 keV /see Bruining, page ¥7/. In Figure 3,
three assumed forms (A, B, and C) of the high energy partion of
the response function exre shown. Curve B was the respomse

function chosen for evaluating the data., The lower curve in
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Figure 3 1is the final result of the inflight calibration of the
ebsolute sensitivity of the Electron Multiplier.

In the @ = 130° position there were two detectars in
addition to the Electron Multiplier which were sensitive to
direct sunlight /O'Brien, Isughlin, and Gurnett, 1968/. The
optical aspect sensor was & "yes-no" device telling when the
sun was in its viewing come, and the D. C. Scintillstar,
although proving untrustworthy as a calibrated detector, was
very sensitive to sunlight. Using these two detectors and the
variocus particle detectors on the satellite, it was possible
to tell when the Electron Multiplier was "locking” directly at
the sun and at the same time had only a negligible particle
response. Responses of this kind were tabulated throughout the
life of the satellite and the maximm responses during each
revolution are presented in Figure 4., The responses are
grouped in three time periods because of favorable satellite
orientation during these periods. Fram Figure 4 we infer that
the foil survived the entire useful lifetime of the satellite
and that the gain had remained constant over the same period.

This is in agreement with the earlier calibration checks made

by Stilvell /1963/.
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It is now necessary to examine the accuracy of the above
described calibration procedure. There are three major areas
in which errar could occur. The first erea is the assumption
that an expanential spectrum fitted to the data between electron
energies of 40 keV and 250 keV is valid for electron energies
down to 10 keV. The second area is concerned with the errar
present in the determination of the spectral paremeters.
This aree includes the stated erxor in the respomse functioms of
the various detectors, statistical errors in the detector
counting rates, and error due to background correctioms.
The last area is concerned with the possible error incurred in
the assumption of the higheenergy portiom of the response
function for the Electron Multiplier. We will now investigate
each of these areas individually.

The essumption that the electron energy spectrum between
10 keV and 40 keV can be reasonably predicted by a knowledge of
the spectrum between 40 keV and 250 keV is the major assumption
in this calibratica procedure. It was for this reason that
reasanably "hard" spectra were chosen as calibraticm points
since there is very little low energy electron spectral informa-
tion in the literature. For these "hard" spectxra, the exponential

spectral form we have chosen predicts that approximately 75% of
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the electroms with E, 2_ 10 keV (measured by the Electron
Multiplier) have Ee 2 Lo keV and are measured by other
detectors on the satellite. Therefore, regardless of the
spectral form below 40 keV, this calibration procedure sets a
lower 1limit on the electron fluxes measured by the Electron
Multiplier. We believe that this procedure is the best
approach to the problem but there is no way of attaching a
meaningful, quantitative error to this aesunpticn..

The spectral parameters were determined from the follow-
ing ratio:

( RSPL - (GSPL / GSpB) RSpB) €pet. 3 (Ee)

Ratios

(RDet. 3 = (Gpet. 3 /G5pp) Repp ) &spr, (Be)
where R1 = counting rate of the given detector

G1 = omnidirectional geametric factor

8 = unidirectional geametric factar

The velue of the ratio, Gi./GSpB’ was determined from cosmic ray
background and was checked using cases where the detectar

response was due entirely to penetrating radiation in the inner
zope., The relationship between the spectral parameters and the
Ratio was determined by a numerical integration of the response

functions for various expmential spectra. The stated error
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in the response fuaction &spL. (Ee) is + 20% /C. D. Iaughlin,
privete cammunication/. We assumed a similar error for

€pet., 3 (Ee). In arder to evoid excessive uncerteinties due
to background corrections, data were used only if the following

conditions were met:

( Rer ™ (GSPL /GSPB) RSPB)}_ 0.5 Ryp
‘ Bpet. 3 = (Cpet, 3 /Ggp) RsPBP-O'9 Rret. 3

With these restrictions and the possible errars present in the
annidirectional geametric factor ratios, the statistical exrrors
(assuming R, is a Poissanian variable), and the stated errar
in the response functions, we belleve each ratio calculated is
accurate to + 29%. This error is due mostly to the stated
error in the response functions for SpL and detector 3 and not
to statistical errors in the data. To illustrate this fact
the standard deviation in the mean of the 12 ratios used in this
procedure was 2 .64.

In investigating possible errar due to the assumption of
the high energy partion of the response function for the Electron
Multiplier, we are agein faced with the difficulty of assigning

a meaningful, quantitative error. As an estimate, we consider
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the difference between the limiting forms of curve A and
curve C in Figure 3. This would lead to an error of appraximately
#+ 20% in the calibration of the respanuse function for the Electran
Multiplier.

By cambining the errors stated above we arrive at an
estimate of + 35% for the probable errcr in the absolute
response function for the Electron Multiplier, without taking
into account any error due to the assumption of a spectral form
in the calibration.

As a result of these inflight calibrations and the preflight
calibrations performed by Stilwell [I963/, the respcuse of the
Electron Multiplier was found to be linear fram 10° counts/second
down to at least 2 x 107> counts/secand. The latter value is
taken as the threshold rate for the Electron Multiplier,




17

THE STUDY

Since the satellite traveled adistance of 6 to 7 km in
one second and the particle flux could change drastically over
the wide region between multiplier thresheld respouses, a
restriction that the counting rate be equal to or greater than
0.12 count/second was imposed on this study. This exact figure
was chosen because of the ease with which it could be recognized
in the data format. For a relatively soft electrom spectrum
(3:0 kev <_ E, £ 20 keV where aN = K, e‘E/Eo dE), this counting
rate corresponds approximately to J (Ee > 10 keV) ~ 2,5 x 107
electrans (cm2 sec ster)"l. It is pointed out here that the
Electron Multiplier was equally sensitive to pretons with
li‘.p 2_ 50 keV and the assumption made throughout this paper
that the Electron Multiplier was responding only to electroms
with Ee 2 10 keV cannot be proved. FPlausibility arguments
in favor of this assumption however will be given in
Appendix II.

A coamplete tabulation of all Electran Multiplier respanses
for L > 2.0 (L is the geamgnetic shell parameter of McIlwain
[1961/ ) vas made for the entire 10 manths of Injun 3 data. On
every occaslon when the Electrom Multiplier response egualed or

exceeded 0.]12 count/second the respanse was lsbeled in one of
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three ways: (1) Respamse due to direct sunlight, (2) response
due to a large flux of electrons, i.e., a valid event, and
(3) noisy or bad telemetry.

The light responses were easily distinguished from the
responses due to particles by using the solar aspect sensor and
the D. C. Seintillatar. For a light respomse, the solar aspect
gave a "yes" reading indicating that the sun was in its viewing
cone and the D. C. Scimtillator's counting rate was 105 to
1.5 x J.O3 counts/second. For a valid particle event, the solar
aspect gave a 'mo" reading and the D. C. Scintillator rate never
exceeded 80 counts/second and was usually ~ 15 counts/second.
This latter rate 1s two arders of magnitude below the rate due
to direct sunlight. 1In only two cases was 1t believed that the
Electron Multiplier might be responding to light end to particles
simulteneously. These two cases were classified as light responses
in this study.

The criteria for the elimination of data due to noise and
bad telemetry were rather subjective and were based on past
experience with the data., It was the purpose of this study to
make the final sample as trustworthy as possible. Of the 1191
responses of the Electron Multiplier which were equal to or

greater than 0.12 count/second, 622 were labeled as valid
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particle responses, 426 as due to light and 143 es due to noise.
The small amount of data ( ~ 124) eliminated as due to noise was
found to be randamly distributed in any sample of Injun 3 data

and therefore did not affect the results of this study.
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RELEVANT PARAMETERS

In order to investigate diurnal or latitude effects a
set of relevant coordinates must be chosen in which to organize
the data. To displey the data in this paper we have chosen
the 'invariant latitude', A, and ‘'magnetic local time' as the
paremeters of interest.

The invariant latitude /O'Brien, 1962/ is derived
simply from the L coordinate of McIlwain /19617 by the relation

2

L cos A=1 .

This parameter 1s used here because the L parameter is found to
be very useful in introducing order into studies of trapped
particles and because it is derived from a much higher-order
expression for (and therefore a more accurate description of)
the geamagnetic field than is the usual expression for magnetic
latitude /O'Brien and Taylor, 1964/. The invariant latitude A
differs fram the geamagnetic latitude generelly by less than 2°
over North America where most of the data 1n this study were
taken /O'Brien, 19637 .

Msgnetic local time i1s defined as the angle be ween the
planes which are defined by the geomagnetic dipole axis and the

earth-sun line znd by the geomagnetic dipole axis and the earth-
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center-satellite line. (For further reparks on magnetic

local time, see Appendix I.) Magnetic local time takes into
account both the daily and the seasanal variations in the
crientation of the geamagnetic dipole axis with respect to the
earth~sun line,

Because the motion and behavior of the particles under
study in this paper are governed by the geamagnetic field,
megnetic local time is used here instead of the usual geographic
local time. For the orbit of Injun 3, magnetic local time
differs by as much as + 2.3 hours fram the corresponding

geographic local time.
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THE RESULTS

The magnetic local time and invariant latitude coordinates
were calculated at points, eight seconds apart along the orbit of
the satellite through the regions where the Electron Multiplier
responded to large particle fluxes. Figure 5 shows a polar
plot of these responses. Two major effects are noted. First
there is an almost complete absence of responses on the day
side and second, the responses on the night side occur only
between 58° and 76° invariant letitude. 1In order to determine
vhether these are genuine effects or are merely due to non-
uniform date sampling, we now investigate the sample density
of Injun 3 data over the entire magnetic local time invariant
latitude space (henceforth called the MLT-INV space).

For all useable Injun 3 data for which L > 2.0, the
MLT and INV coordinates were calculated (16 seconds apart)
along the orbit of the satellite. These coordinates were
sorted into "boxes" of 1 hour intervals in MLT and 1°
intervals in INV. All duplications of a given revolution
number were eliminated from each box so that the final
number in each box represented the total number of times the
satellite produced good data while crossing each element in

MLT-INV space. This number is therefore the number of
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opportunities to observe an Electron Multiplier respomse in
that bax. |

The same sort in MIT-INV space was performed on both the
Electron Multiplier responses due to light and due to valid
particle events. With these three sorts completed, the number
in each bax of the sort of the Electron Multiplier respomses
to sunlight was subtracted fram the number in the equivalent
bax of the total sample density. This i1s necessary because
once the Electron Multiplier responds to sunlight, it no
longer has an opportunity to respond to a particle event in
that region (although as was menticned before only two cases
were observed where & particle event might have occurred
simultaneously with a light response). With the distributioms
in MIT-INV space for the valid particle responses and the total
sample density corrected for light responses, we now investi-
gate each effect noted in Figure 5 separately.

In order to investigate the diurnal effect we will
assume for the present that the latitude effect observed in
Figure 5 1s genuine. Therefore, we restrict the sample density
in MIT to only those boxes which lie between 58° and T76°
invariant latitude.

The results of this investigation are given in Figure 6.

The frequency of occurrence for J (E, > 10 keV) > 2.5 x 107
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electrons (cm2 sec s‘l’.er)'l is obtained by dividing the number
of events occurring within a one hour local time interval by the
number of independent samples taken in that interval. It 1s
observed that the diurmal effect noted previously is valid and
represents one of the most striking diurnal variations observed
in geomagnetically trapped particles to date.

With this dlurnal effect established we select only the
region of MLT-INV space where 17.0 hours < MIT < 7.0 hours
as the appropriate body of data for investigating the latitude
effect., The results of this investigation are presented in
Figure 7, where egein the frequency of occurrence is obtained
by dividing the number of events occurring within a one degree
invariant latitude interval by the number of independent samples
taken in that interval. It is observed that the latitude effect
noted previcusly is valid and that it has a rather sharp lower
boundary at A ~ 60° (L ~ 4.0). This latitude profile is very
similar to the profiles given for auroral freguency by
Vestine /Ratcliffe, 1960/, by Davis /19627, and by O'Brien
and Teylor [I96h/. Further, Meeks [I95h/ reported that
cbservations made over a period of a year in 1948-1949 at
Portage la Prairie and Baker Iske (gecmagnetic latitude 59° N

and 75° N) established that there are two latitude peaks of
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occurrence of aurora in the night, one being at 65° N and the
other at 68° N. Davis /1962/ using five all-sky cameras at
various stations in Alaska found a "pronounced minimum" at
66°-67° N geomagnetic lstitude in the frequency of occurrence
of overhead auroras for all data fram these stations fram
September 1957 to April 1958. On breaking the data down into
various groups he found that the effect was much less
prominent end finally attributed "the spparent minimm to non
uniformity of the cobservations". If, however, the'"pronounced
minimm" is real, it is in agreement with the results of Meek
[195%/ .

A similar combinstlion of effects is evident in the latitude
profile of the freguency of occurrence of the Injun 3 intense
electron precipitation events, although the resclution into two
peaks is of only marginal statistical significance. (The error
bar in Figure 7 represents the 67% probability brackets assuming
that the number of occurrences in each interval is a Poissonian
veriable.) It is noted also that the frequency of occurrence
for aurora as a function of local time passes through a main
meximum usually an hour or so in advance of local midnight
[Batcliffe, 19607, and this again is similar to that cbserved

for the Injun 3 intense electron precipitation events in

Figure 6.
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Since there seems to be a strong similarity between the
behavior of auroral light emission and these intense electron
precipitation events, we now investigate the correlation
between these electron events and geamagnetic activity. To do
this we use the daily l&) sum index assoclated with each inde-
pendent sample in MIT-INV space (with the restriction that
17.0 hours € MIT < 7.0 hours and 58°_§A°_<_76°) as the body
of data for this study. The results are presented in Figure 8
where the frequency of occurrence of J ( B, 2 10 keV)
> 2.5«x 107 electrans (c:m2 sec ster)"1 per 1% sum interval
is obtained by dividing the number of events associated with
& glven daily I&) sum in all appropriate MLT-INV boxes by the
corresponding number fram the sample density tables. It is
observéd from Figure 8 that there is a strong tendency for
intense dumping events to occur more camonly as the I&’ sum
value increases.

The validity of each of these effects (the diurnal,
the latitude, and the positive correlation with geamagnetic
activity) is independent of the absolute calibration of the
Electron Multiplier and depends only on the fact that the
Electron Multiplier does respond only to & particle flux

exceeding same given intensity.




SPECTRAL CHANGES

As a final point in this study, a remarkable spectral
change is usually observed when the intense low energy electron
fluxes are present. This change is associated with the
trapping boundary for 40 keV electrons. At latitudes less than
the latitude of the trapping boundary the electron energy
spectrum is usually fairly "flat" between 10 keV and L0 keV.

On the high latitude side of the trapping boundary, the spectral
slope between 10 keV and 40 keV becomes extremely steep indicat-
ing the presence of a very soft electron spectrum.

This spectral change is observed on both northbound and
southbound passes and is therefore a spatial and not a temporal
effect. Figures 9 and 10 give an example of each type of pass.
Using the observation reported by O'Brien f196L/ that the
angular distribution of the directional electron flux tends
to approach isotropy over the upper hemisphere at the altitude
of the satellite during intense precipitation events involving
electrons with E, > L0 keV (in Appendix ITI, the validity of
applying this observation to the present study is demonstrated),
we can calculate spectral parameters using the Electron
Multiplier (a ~ 50°) and SpL (@ ~ 90°). A set of spectral

rameters ig calculated for sample points inside and outside
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the trapping boundary in both Figures 9 and 10. The parameter
Eo is e-folding energy in a differential exponential spectral
form (dN/4E = Ny e’E/E°) and the parameter y is the expanent
in a differential power-law spectral form (dN/dE = KE’). In
each figure, these parameters demonstrate the remarkable
softening of the electron energy spectrum between 10 keV and
4O keV in crossing the 4O keV electrcn trapping boundary. A
more camplete study of these spectral changes is now being
performed and will be discussed in greater detaill in a later
paper. In the presant paper we only indicate the existence of
these unusuel spectral changes and leave the detaills to a

later paper.
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CONCLUSIONS

In the present paper we have observed and discussed the

following effects derived from data of the Electron Multiplier

detectar on satellite Injun 3:

1.

3.

The cobservation of the existence of intense fluxes up
to 10° electrons (o sec ster) L (see Figure 12) of
10 keV electrons associated with the trapping boundary
for 4O keV electrons.

A large diurnal variation in the frequency of
occurrence for J (E_ > 10 keV) > 2.5 x 107
electrons (cm2 sec stet)'l. These events occur only
during local night between 1700 hours and 0700 hours
(Figure 6).

A large latitude variation for the frequency of
occurrence of J (E, > 10 keV) > 2.5 x 107 electrons
(enf sec ster)'l. These events occur only between

58° and 76° invariant latitude and seem to be strikingly

‘8imiler in behavior to the frequency of cccurrence of

aurcral light emission as a function of invariant
latitude (Figure 7).

A strong positive correlation between the frequency of
occurrence of these intense low energy electron precipi-

tation events and geamagnetic activity (Figure 8).
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5. The existence of a large change in the slope of the
electron energy spectrum between 10 keV and LO keV
associated with the trepping boundary for 4O keV
electrons during events of this mature. The change
is from a fairly hard spectrum inside the boundary

to a very soft spectrum Just outside the boundary.

We will now see how these results fit in with the previous
observations which have been published on low energy electrons in

the outer Van Allen radiastion belt.
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COMMENTS

The present study provides a fuller diurnal and latitude
study of intense low energy electron precipitation events than
any previously published study. There are a number of
individual observetions of these intense precipitation events
with low eltitude satellites which we will review.

The single intense event reported by O'Brien and
laughlin /I968] occurred at approximately 1900 hours local time
between invariant latitudes of T0° and 72° on September 25,
1961. The Kp daily sum for that day was 3304, the highest
during the entire month. This event therefore is in agreement
with the conclusions of the present study.

Sharp et al. /I96ka/ reparted the existence of large
energy fluxes for five passes through the northern auroral
zone on March 1-3, 1962, Their polar-orbiting satellite was
fixed for this short period to local times of approximately
2000 hours since telemetry apparently was taken only over
Alaska., These results then egree with those of the present paper,
Sharp et al. /I9GWb/ using a similer polar orbiting satellite
observed precipitating electrons of energy greater than 80 ev
at approximately 0100 and 1300 hours local time every

90 minutes throughout the period fram October 31 to November L,
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1963. They observed that the total precipitated emergy was
considerably larger (by approximately a factor of five) on

the night side than on the day side.) They noted that the total
precipitated energy correlated generally with the KP ‘index and
with the K index of a local station near the satellite at the
time the data were taken. Finally they reported that a pre-
liminary analysis showed the spectral shape to be harder on
the day side than on the night side in the northern auroral
zone. All of these findings appear to be in agreement with
the results of this paper,

Results of a samewhat different nature have been reported
by Krasovskii et al. /I968/. Of the four passes on which they
report large fluxes of 10 keV electrons precipitating into
the atmosphere, three of the passes have local times which agree
with results of the present study but all four passes occur at
much lower latitudes. In fact a majority of their responses
occur inside the classical inner zone, L € 2.0 ( A < 45°).

It appears that Krasovskii et al. are dealing with a different
phenamenon than that of the present paper. Therefore the
results of the present study appear to be in general agreement
with more limited observations published previocusly in the

literature at low satellite altitudes.
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We suggest that these intense low energy electron
fluxes found near the trapping boundary for 4O keV electrons
at low satellite altitudes are related to the intense fluxes
of low energy electrons found by Gringauz et al. £9@ and

by Freeman 59@ at great distances on the night side of the

earth.
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APPENDIX I

Magretic Local Time

As used here Magnetic Iocal Time (MLT) is defined as the
angle betwzen the magnetic meridians which pass through the
observation point and then through the sun. This definition
corresponds to the definition of geamagnetic time given by
Chamberlain [I96I7. Geomagnetic time has been used to organize
auroral data /Vegard, 19127 and is used here to orgenize high
latitude data fram a satellite.

To calculate MIT we define the following quantities.

Iet P be a unit vector directed fram the center of the earth
to the observation point. The observation point has local time
coordinate LT and latitude coordinate A. Iet S be &

unit vector in the antisolar directicn, and let n be a

unit vector along the axis of symmetry of the geamagnetic

field. Magnetic local time is the angle of intersection between
the (P, S) plane and the (P, m) plane. The relationship
between these vectors and the rotational axis of the earth

(R) 1s shown in Figure 11. The angle & is the solar
declination. Iocal magnetic time increasses in the right hand

sense relative to 'n'°1 and is calculated using:
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o™t (gxal' (3::13)

s 1§51 152l

C

2
n

The tranch of cos +

is determined from the sign of
Sx (FxD): ML is between 0-12 hours and 12-24 hours when
's' X (? x H) is positive or negetive, respectively.

The exis of symmetry (E) of the geomagnetic field
has been teken as the axis of the centered dipole approrimation
for the gecmegnetlc field. The axls points used are those
quoted by Chapmen and Bartels /[T940/, end are at
N = 78.5° N latitude, 69° W longitude, and at 78.5° S
latitude, 111° E longitude. (Op in Figure 11 is equal to
n/2 - Np+) At the highest latitude reached by Injun III
(70.3°) the meximm difference between MIT and IT is
ha 2.3 hours. At higher latitudes the effects of the displace-
ment of the dipole fram the eerth's center became increasingly
importert and magnetic iccel time should be calculated using
the eccentric dipcle approximation.

The definition of meguetic local time incorporates two
symetiries waich meke it a useiul cocrdinate for organizing
measurcuents in the earth's magnetospiere. The interaction of
the solar wind with the geamagnetic field is invariant under

the following operations: First, 1f the solar wind velocity is
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along S and the effect of the interplenetary magnetic field
cen be neglected then the system 1s invariant under a rotation
about S. Second, to the first order of appraximation for the
geamagnetic field the system is invariant under a rotation of

the earth about ;. In successive obsexrvations having the same

1 - -
S - m) points having

-y
the same spatial relaticmship relative to .é' and m are

magnetic solar declination (§ = sin”

equivalent for observing processes having time scales short
compared to the rotational period of the earth. These camments
show the utility of using S and m to define a coordinate
system for analyzing magnetospheric data. A convenient set

of coordinates is for example: MLT, invariant latitude A,

B, and magnetic soler declination 8m.
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APPENDIX II

In the text of this paper we have made the assumptiom that
the Electraon Multiplier is measuring fluxes of 10 keV electromns
and not similar fluxes of 50 keV protans. This assumption cane
not be proved but plausibllity arguments cen be given which
apply to a majority, but not all, of the events observed.

On Injun 3, as we previously mentioned, detector 1 is
an open end, thin window, 213-type Geiger tube., It measures
the flux of electrons with energy greater than 4O keV or the
flux of protons with energy greater than 500 keV, traveling
perpendicular to the geamagnetic field line at the position of
the satellite (o = 90° +13°). Detectar 5 is similar to
“detector 1 but measures fluxes which are traveling down the
field line (o = 0° + 43°). The SpL detector measures only
electrons with pitch angles of 90° + 6° which have energies
between 40O keV and 55 keV. The responses of these detectors
are presented in Figure 12 for two of the events used in the
present paper.

O'Brien /I96K/ found that during intense precipitation
events involving electrons with E > 40 kev, the angular dis-
tribvution of the directional electron flux tends to approach

sotropy over the upper hemisphere at the altitude of the
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satellite. In Figure 12, since ‘ja=90° (Ee > 10 kevV ar
Ep_>_sookev) = Jy-0° (Eez_hOkeVorEpzSOOkeV)we
observe the effect reported by O'Brien [I96:/. This means
that we can compare the flux measured by the Electrcan
Multiplier (@ = 50° + 10°) with that measured by the

a = 90° detectors.

We also cobserved that Ja Ee > 4O keV ar

0 (
Ep > 500 keV) = Ja=9o, (%0 kev < ES55 keV). This meens
that the total flux of protons with Ep > 500 keV is negligibly
small in comparison to the total flux of electrons with

E, > 40 keV. The electron spectrum can be measured above

4o keV and in these two events is very steeply rising toward
lower energies.

It is argued that the Electron Multiplier must be
responding to electroms with Ee ?__ 10 keV since any cother
response would enteil a drastic change in the electron epergy
spectrum between 10 keV and 40 keV and would require a proton
spectrum which has an unreascnably large slope between 50 keV
and 500 keV,

As a further argument, it is noted that Evans et al.
[I963] found that fluxes of protoms precipitated into the
aurcral zones varied in & smooth menner (readings taken

0.2 seconds apart) in contrast with the large intensity changes
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in the electron fluxes measured simultanecusly. We observe
fram Figure 12 that there are large intensity variations in
times of the order of a fraction of a second in the flux
measured by the Electron Multiplier, again indicating that it is
probably responding to the electrons and not to protans.

For the 84 individual events used in this study,
arguments of this kind can be applied to 72 ( ~ 86%) of them.
Four more had extremely soft spectrums and no determination
could be made. The remaining eight events gave inconclusive
arguments of this nature but did indicate the presence of a
large fraction of electroms in the total flux meesured by
detectoar 1.

On the baslis of these srguments we conclude that the
Electron Multiplier is responding to electrons with

E o 2_ 10 keV for the events presented in the present paper.
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FIGURE CAPTIONS

Four examples of the Electron Multiplier response

as & function of pitch angle. In each example the
Electron Multiplier response can be campared to the
SpB response which 1s primarily due to penetrating
protons and to bremsstrahlung. Thae large change in
the SpB response in the lower right example is the
result of the satellite's moving into a region of
higher intensity. These examples demonstrate that
the Electron Multiplier is responding to particles.

Figure 2,

Results of the Inflight calibration of the Electron

Multiplier. This is a plot of the in flight calibrae
tion points listed in Table I along with the respanse
predicted on the basis of preflight calibrations.

Figure 3.

Preflight and post-launch calibration of the Electran

Multiplier energy respomse function. The difference in
the response functions is probably due to cantamination
of the dynode surfaces of the multiplier by the
absarption of atmospheric gases prior to launch.

Flgure 4. Maximm Electron Multiplier responses to direct
sunlight during the active lifetime of Injun 3. These
responses demonstrated that the gain remained canstant
and the foil remained intact for the Electron Multiplier
during the 10 month lifetime of the satellite.

Figure 5.

Polar plot for the occurrence of J (Ee > 10 keV)

> 25x 107 electrons (cm2 sec ster)"l as a function
of magnetic local time and invariant latitude,
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Figure 6. Frequency of occurrence for J (E > 10 keV)
2 25«x .'LO7 electrons (cm sec ster) as a function
of magnetic local time,

Filgure 7. Frequency of occurrence far J (E -5 10 keV)
> 25«x 107 electrns (cm2 sec ster) as a function
of invariant latitude.

Figure 8, Frequency of occurrence for J (E > 10 keV)
>25«x 107 (cm sec ster)” 1 a5 a function of
geamaznetic activity.

Filgure 9. An exsmple of a southbound pass demonstrating the
large amount of softening of the electron esnergy |
spectrum between 10 keV and 40 keV associsted with
the 40 keV trapping boundary.

Figure 10. An example of a northbound pass demomstrating the
large emount of softening of the electron cnergy
spectrum between 10 keV and 40 keV associated with
the 4O keV trapping boundary.

Flgure 11. Coordinate system for the calculation of magnetic
local time. R 1is the rotational axis of the earth;
S 1s & unit vectar in the antisolar direction;
B is a unit vector along the axis of symetry of the
geomagnetic field; and P dis & unit v ctor fram the

center of the earth to the observation point.

Figure 12. Two typical Electron Multiplier events. These
events demomnstrate that the probable response of the
Electron Multiplier is to electroms with Ee 2 10 keVv
and not to protoms with Ep 2 50 kev.
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